We study the electromagnetic form factors of the lowest-lying singly heavy baryons with both spin 1/2 and 3/2 within the framework of the chiral quark-soliton model, focusing on the comparison with recent lattice data. To compare the present results quantitatively with the lattice data, it is essential to consider the pion mass as a variable parameter, i.e., to employ the unphysical values of the pion mass, which correspond to those used in lattice calculations. While the results with the physical value of the pion mass fall off faster than those from the lattice calculations as the momentum transfer increases, the extrapolated results with larger pion masses get closer to the lattice data.
I. INTRODUCTION
It is of utmost importance to study electromagnetic (EM) properties of a baryon in understanding its structure. While the EM structures of light baryons have been investigated well over decades, those of singly heavy baryons have not been much examined. The reason is that it is rather difficult to get information on EM properties of singly heavy baryons experimentally. However, recent works in lattice QCD have computed the EM form factors of the singly heavy baryons [1, 2] and provide essential information on the EM structure of them. However, since Refs. [1, 2] employed larger values of the pion mass than the physical one, it is essential to use those values of the pion mass used by the lattice calculations, so that one can compare the results quantitatively with the lattice data. In fact, similar investigations have been already carried out for the nucleon mass and the energy-momentum tensor form factors of the nucleon [3, 4] . In particular, Ref. [3] showed that the χQSM describes remarkably well the lattice data on the nucleon mass.
Very recently, the magnetic moments, and electric monopole (E0) and magnetic dipole (M 1) form factors of the lowest-lying singly heavy baryons were investigated within the framework of the chiral quark-soliton model (χQSM) [5] . In the present work, we extend the previous work by extrapolating the experimental value of the physical pion mass to unphysical ones that correspond to the values employed in the lattice calculations. In addition, we evaluate the electric quadrupole form factors (E2) of the singly heavy baryons with spin 3/2 with the pion mass also varied. The χQSM has been successfully used to explain properties of the SU(3) light baryons [6] [7] [8] [9] (see also Ref. [10] that took a somewhat different approach). The model has been further developed to investigate properties of the singly heavy baryons [11] [12] [13] [14] and has described very well the mass spectra [11] , magnetic moments [15] , radiative decays [16] of the singly heavy baryons. In the present work, we focus on the comparison of the present results of the EM form factors including the E2 form factors with the pion mass varied from its physical value to unphysical ones used in the lattice calculations [1, 2] .
The present paper is organized as follows: In Section II, we recapitulate briefly how the EM form factors of the singly heavy baryons are computed within the framework of the χQSM. In Section III, we present the numerical results of the form factors in comparison with the lattice data. In Section IV, we summarize the present work and draw conclusions.
II. ELECTRIC QUADRUPOLE FORM FACTORS IN THE χQSM
Since we have presented the formalism as to how the EM form factors of the singly heavy baryons are derived in Ref. [5] , we explain here how the electric quadrupole form factors of them can be computed within the same framework. The EM form factors are related to the matrix element of the EM current between the singly heavy baryons with spin 3/2 as
where J µ is the EM current defined by
Note that when one takes the limit of the infinitely heavy quark mass (m Q → ∞), the heavy-quark current given in the second part of Eq. (2) can be safely ignored for the EM form factors. It gives only a constant contribution to the electric form factors as already shown in Ref. [5] . M B is the mass of the corresponding heavy baryon in the sextet with spin 3/2, and The metric tensor η αβ of Minkowski space is defined as η αβ = diag(1, −1, −1, −1). q α stands for the momentum transfer q α = p α − p α and its square is written as q 2 = −Q 2 with Q 2 > 0. u α (p, s) means the Rarita-Schwinger spinor that describes the sextet baryon with spin 3/2, carrying the momentum p and the spin component s projected along the direction of the momentum. σ µν designates the well-known antisymmetric tensor
with τ = Q 2 /4M 2 B . At Q 2 = 0, G E2 (0) is identified as the electric qudrupole moment
The explicit expressions for the multipole expansion and detailed derivation can be found in Refs. [5, 17] . The expressions for the electric quadrupole form factors of the baryon sextet with spin 3/2 can be written as
where the corresponding density of the E2 form factors is expressed as
The detailed expressions I 1 , K 1 and m 8 are written in Ref. [8] . The densities of E2 form factors I 1E2 and K 1E2 can be found in Ref. [17] . In the limit of m Q → ∞, the charge distribution of the heavy quark can be regarded as a point-like static charge, i.e., ρ Q (r) = e Q δ (3) (r). Thus, the contribution from the heavy quark to the E2 moment is found to be zero:
It indicates that the E2 form factors of the singly heavy baryons are solely governed by the light quarks in the m Q → ∞ limit. Having computed the matrix elements of the collective operators in Eq. (6), we arrive at
where G
correspond respectively to the symmetric terms, the flavor SU(3) symmetry-breaking ones from the effective chiral action, and those from the mixed collective wavefunctions. They are expressed explicitly as
where Q B designates the charge of the light-quark components of the corresponding baryons. The explicit expressions of q 15 and q 24 are given in Refs. [13, 15] . As in Ref. [17] , where the sum rules for the baryon decuplet were derived, we can derive similar sum rules for the singly heavy baryons with spin 3/2 as follows:
Even though the flavor SU(3) symmetry is broken, we still can find the following sum rules
III. RESULTS AND DISCUSSION
To examine the pion mass dependence of the EM form factors, we first have to compute the profile functions of the chiral soliton given a value of the pion mass. To do that, we choose its five different values: m π = 139 MeV (physical one), m π = 300 MeV, m π = 410 MeV, m π = 570 MeV, and m π = 700 MeV and compute the new profile functions corresponding to these values of the pion mass. Except for the physical one, all the values were employed by the lattice calculations [1, 2] . So far, there is no experimental data on the EM form factors of the singly heavy baryons. Concerning the E2 form factors of the singly heavy baryons, we do not see any other theoretical predictions, so far except for the lattice data on the E2 form factor of the Ω * 0 c [2] . Thus, in the present work, we will carefully compare the present results with those from a recent lattice work [2] , considering the pion mass as a variable parameter. For completeness, we will also discuss the electric and magnetic form factors of the baryon sextet 1 , comparing the corresponding results with the lattice data [1] .
We first compare the results of the E0 form factors obtained from the present model with those from the lattice calculations [1, 2] , though a part of the work with the physical pion mass was already done in Ref. [5] . In Fig. 1 we draw the electric form factors of the Σ ++ c , Σ 0 c , and Ω 0 c baryons with spin 1/2 in comparison with the corresponding data. we extrapolate the physical pion mass m π = 139 MeV to the unphysical ones of which the values are used in the lattice calculation, i.e. four different values m π = 300 MeV, 410 MeV, 570 MeV, and 700 MeV. As expected, when we increase the values of the pion mass, the results of the electric form factors fall off more slowly as Q 2 increases. This is the well-known feature of the lattice results. Thus, when one wants to compare results of any form factors with those from lattice works, it is better to employ larger pion masses that match the corresponding values used in the lattice calculation. When the pion mass gets larger, the Q 2 dependences of the electric form factors of the neutral heavy baryons increase more slowly. Figure 2 depicts the comparison of the present results for the M 1 form factors of the Σ ++ c , Σ 0 c , and Ω 0 c heavy baryons with the corresponding lattice data. Note that in order to compare the Q 2 dependence, we have normalized the magnitudes of the magnetic form factors at Q 2 = 0 to be the same as the lattice ones. The present results on the Q 2 dependence of the M 1 form factors are generally in agreement with the lattice data. Again we find that the lattice results fall off more slowly, compared to the present ones.
In Fig. 3 , we show the results of the E2 form factors of the Ω * 0 c baryon. Note that there is only one lattice datum with large uncertainty. The present results are still larger than the lattice one even with the larger pion mass used. We anticipate more accurate lattice data in near future, so that one can draw a clear conclusion. For completeness, we present the results of the electric quadrupole moments of the baryon sextet with spin 3/2. Table I lists those of the Q B in the second and third rows, which correspond to the SU(3) symmetric and breaking cases, respectively. As expected, those of the charged baryon sextet have negative values of Q B , which indicates that the charged singly heavy baryons with spin 3/2 take oblate shapes. On the other hand, those of the neutral ones get positive values, so they are distorted in prolate forms. It is interesting to see that the Q B of the doubly positivecharged Σ * c is approximately 8 times larger than that of the singly positive-charged one. This can be understood by examining Eqs. (7) .
IV. SUMMARY AND CONCLUSION
In the present work, we have aimed at investigating the electromagnetic form factors of the lowest-lying singly heavy baryons with both spin 1/2 and spin 3/2, focusing on the comparison of the results with recent lattice data. The model features a heavy quark inside a singly heavy baryon as a mere static color source, so that the dynamics inside it is governed by light-quark degrees of freedom. Thus, we are allowed to strip off the heavy quark and describe the In conclusion, the present scheme describes well the electromagnetic form factors of the lowest-lying singly heavy baryons with spin 1/2 and 3/2, compared with lattice QCD. It indicates that the singly heavy baryons with spin 3/2 are indeed well explained in the pion mean-field approximation. The 1/m Q corrections are expected to be marginal but are very interesting issues, which will be considered in near future.
